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*Department of Biochemistry, Dartmouth Medical School, Hanover, New Hampshire 03755; and
tDepartment of Biology, Yale University, New Haven, Connecticut 06511
November 28, 1994; February 17, 1995
Monitoring Editor: Randy W. Schekman

To identify genes whose products play potential roles in the nucleocytoplasmic export of
messenger RNA, we isolated temperature-sensitive strains of Saccharomyces cerevisiae and
examined them by fluorescent in situ hybridization. With the use of a digoxigen-tagged
oligo-(dT)50 probe, we identified those that showed nuclear accumulation of poly(A)+
RNA when cells were shifted to the nonpermissive temperature. We describe here the
properties of yeast strains bearing the rat3-1 mutation (RAT - ribonucleic acid trafficking)
and the cloning of the RAT3 gene. When cultured at the permissive temperature of 23°C,
fewer than 10% of cells carrying the rat3-1 allele showed nuclear accumulation of
poly(A)+ RNA, whereas approximately 70% showed nuclear accumulation of poly(A)+
RNA after a shift to 37°C for 4 h. In wild-type cells, nuclear pore complexes (NPCs) are
distributed relatively evenly around the nuclear envelope. Both indirect immunofluorescence analysis and electron microscopy of rat3-1 cells indicated that NPCs were clustered
into one or a few regions of the NE in mutant cells. Similar NPC clustering was seen in
mutant cells cultured at temperatures between 15°C and 37°C. The RAT3 gene encodes
an 1157-amino acid protein without similarity to other known proteins. It is essential for
growth only at 37°C. Cells carrying a disruption of the RAT3 gene were very similar to
cells carrying the original rat3-1 mutation; they showed temperature-dependent nuclear
accumulation of poly(A)+ RNA and exhibited constitutive clustering of NPCs. Epitope
tagging of Rat3p demonstrated that it is located at the nuclear periphery and co-localizes
with nuclear pore proteins recognized by the RL1 monoclonal antibody. We refer to this
nucleoporin as Rat3p/Nupl33p.
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ined at high resolution in the electron microscope.
Three-dimensional image reconstruction suggests that
they are comprised of nuclear and cytoplasmic rings,
with eight spokes radiating inward toward a central
transporter apparatus (Unwin and Milligan, 1982;
Akey, 1990, 1991; Reichelt et al., 1990; Jarnik and Aebi,
1991; Hinshaw et al., 1992; Akey and Radermacher,
1993). Under certain preparation conditions, electron
microscopy permits filaments to be observed projecting from NPCs into both the nucleoplasm and cytoplasm (Maul, 1977; Richardson et al., 1988; Allen and
Douglas, 1989; Jarnik and Aebi, 1991; Ris and Malecki,
1993). The nucleoplasmic filaments sometimes appear
organized into basket-like structures, termed the fishtrap (arnik and Aebi, 1991; Goldberg and Allen,
1992). NPCs possess 9-nm channels that permit small
molecules, including ions and metabolites, to cross the
nuclear envelope by passive diffusion. Movement of
larger molecules, including proteins and RNAs, is an
active process requiring energy and specific signals in
the molecules being transported. Recent studies indicate that the small GTP-binding protein Ran/TC4 is
one of the factors responsible for protein import in
permeabilized vertebrate cells (Melchior et al., 1993;
Moore and Blobel, 1993; Ren et al., 1993) and that its
yeast homologue, Gsplp, plays a similar role in Saccharomyces cerevisiae (Schlenstedt et al., 1995).
The NPCs of all eukaryotic organisms from yeasts
to mammals and plants are believed to be similar in
both structure and function (Gerace, 1992; Stewart,
1992; Hurt, 1993; Rout and Wente, 1994). Knowledge of the roles that NPC substructures and specific nucleoporins may have in mRNA export and
protein import is limited. Functions for certain
nucleoporins have been implied through immunologic, biochemical, and genetic studies. Antibodies
against the vertebrate nucleoporin p62 have been
shown to inhibit nucleocytoplasmic trafficking of
both RNA and proteins in vivo in Xenopus oocytes
(Dabauvalle et al., 1988; Featherstone et al., 1988).
Nupl53p from rat liver cells has zinc-finger motifs
that have been shown to bind DNA in vitro (Sukegawa and Blobel, 1993). Mutations in several yeast
NPC proteins have been reported to result in defects
in nucleocytoplasmic transport. Mutants of NUP49
and NSP1 have defects in protein import using an in
vitro transport assay (Schlenstedt et al., 1993). A
conditional allele of NUPI has defects in protein
import, RNA export, and nuclear structure (Bogerd
et al., 1994). A temperature-sensitive RNA export
defect was also seen in strains carrying a deletion of
the NUP116 gene. However, in strains with the
NUP116 deletion, the nuclear envelope becomes
herniated after a temperature shift, and a seal develops over the NPCs, thus providing a physical
barrier to RNA export. Under these conditions,
RNA is seen to accumulate in a space external to the
402

nuclear pore but contained within the nuclear envelope seal that forms over the NPCs (Wente and
Blobel, 1993). Yeast strains containing a NUP145
coding region downstream of the GALl promoter
and depleted of Nupl45p, show nuclear accumulation of poly(A)+ RNA beginning about 3 h after
transcription of the NUP145 gene is blocked by
transfer of cells to glucose-containing media; defects
in the import of nuclear proteins is seen at later
times (Fabre et al., 1994).
To identify cellular components important for
mRNA export from the nucleus, we and others developed screens to isolate mutants of S. cerevisiae
defective in nucleocytoplasmic transport (Amberg et
al., 1992; Kadowaki et al., 1992, 1994). Because the
NPC plays a central role in mRNA export, we anticipated that this screen would identify mutants
with defects in NPC structure and function. We
screened a collection of 1200 temperature-sensitive
yeast strains by using in situ hybridization to detect
cells that had an increased level of poly(A)+ RNA in
their nuclei after incubation at the nonpermissive
temperature. Genetic analyses have permitted us to
focus our studies on those strains for which a single
gene defect is responsible for both temperaturesensitive growth and nuclear accumulation of
poly(A)+ RNA. We call these rat mutants (ribonucleic acid trafficking). We previously described our
work on the RATI gene (Amberg et al., 1992). We
describe here the RAT3 gene and the characterization of yeast strains carrying mutations of this gene.
In the course of studying these mutant strains, we
examined the subcellular distribution of their NPC
proteins by immunofluorescence microscopy using
antibodies reactive with NPC Ags. An interesting phenotype was discovered in rat3 mutant strains. The
NPCs were clustered in one or a few regions of the
nuclear envelope, rather than being evenly distributed. This NPC clustering was evident in all cells at
both permissive and nonpermissive temperatures,
whereas defects in mRNA trafficking were detected in
few cells at permissive temperature and in most of the
cells at nonpermissive temperature. The RAT3 gene
encode a protein of 1157-amino acids that shows no
significant similarity to any known proteins. Rat3p is
essential for growth only at elevated temperatures
(37°C). A null allele generated by disruption of the
open reading frame also showed constitutive clustering of NPCs and temperature-conditional nuclear accumulation of poly(A)+ RNA. The results indicate that
RAT3 is important for the proper distribution and
function of NPCs. Epitope tagging of the RAT3 open
reading frame permitted the localization of its gene
product to NPCs by indirect immunofluorescence.
Therefore, Rat3p is a nucleoporin that we refer to as

Rat3p/Nupl33p.
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MATERIALS AND METHODS
Yeast Cell Culture, Strains, Media, Mutant
Isolation, and Genetic Methods
The yeast strains used in this work are listed in Table 1 and the
plasmids used are listed in Table 2. S. cerevisiae were cultured by
standard methods (Rose et al., 1989; Sherman, 1991). Wild-type
strains FY23 and FY86 were obtained from F. Winston (Harvard
Medical School), and were derived from SC288C by making it
GAL2+ and ura3-52. Cells containing mutant alleles of the RAT3
gene were routinely grown at 23°C on rich (YPD) medium (Sherman, 1991). Standard yeast genetic methods were employed for
analysis of phenotypes, strain crosses, dominance/recessive tests,
and tetrad dissection.
The isolation of RAT mutants has been previously described
(Amberg et al., 1992). Briefly a collection of 1200 temperature-sensitive strains generated by mutagenesis with UV light was screened
microscopically after in situ hybridization with digoxigenin-tagged
oligo-(dT)50 to localize poly(A)+ RNA, followed by incubation with
fluoresceinated anti-digoxigenin antibodies. Strains exhibiting accumulation of the fluorescent signal in their nuclei were chosen for
further study.
For most temperature shift experiments, cells cultured in liquid
media at 23°C were shifted to rotating 37°C water or air incubators and incubation was continued as indicated in the figure
legends. To determine cell doubling times, single colonies of wild
type or mutant yeast cells were inoculated into 5 ml of YPD and
allowed to grow for 32 h at 23°C. Cell density was determined
with a hemacytometer. Duplicate cultures of each strain were
diluted to between 4 and 8 x 106 cells/ml in YPD, recounted, and
incubated at 230C. After 4 h, an aliquot of each culture was
removed and counted and one culture from each strain was
shifted to 37°C. Duplicate samples were removed from each
culture every 4 h and cell concentration was determined by
counting. To examine reversion, cells were removed from each
culture after 28 h and plated on YPD plates. Plates were incubated at 23°C or 37°C for 1 wk and colony numbers were determined daily.

Cloning and Mapping of the RAT3 Genes
The RAT3 genes was cloned by complementation of the temperature-sensitive growth defect in strain DAt3-2 (rat3-1) by using a

genomic library of S. cerevisiae DNA (Sau 3A partial digestion products) cloned into a LEU2-CEN plasmid (F. Spencer and P. Hieter,
unpublished observations). This library was transformed into the
mutant strain by electroporation and Leu+ colonies were selected at
37°C. Plasmid DNA was isolated from colonies (Rose et al., 1989),
transformed into Escherichia coli, and plasmids isolated for further
analyses. Plasmids were retested for their ability to transform the
mutant strain to Leu+ and to grow at 37°C. All the rat3-1-complementing plasmids contained overlapping segments of yeast DNA. A
blot of electrophoretically separated yeast chromosomes (Clontech
Laboratories, Palo Alto, CA) and the filter sets of ordered phage
lambda and cosmid clones of the yeast genome (Riles et al., 1993)
were probed with a radiolabeled fragment common to all rat3-1complementing clones to determine the chromosomal location of
the cloned DNA.

Disruption of the RAT3 Gene
To disrupt the RAT3 gene, a 6.9-kb XbaI-NheI fragment including
the entire RAT3 gene was excised from plasmid pOLl and ligated
into the polylinker region of pUC19 yielding pOL9. E. coli strain
GM2163 was transformed with pOL9 to generate unmethylated
DNA, which could be digested with BclI. Then, 92% of the RAT3
open reading frame (from aa 43 through 1104) was removed by
digestion with BclI and NcoI, and a 2.2-kb BspHI-BamHI fragment, containing the HIS3 gene was excised from plasmid
pRS403 (Sikorski and Hieter, 1989), and inserted into NcoI-BclIdigested pOL9 to yield pOL10. Digestion of pOL10 with XbaI and
AflII yielded a 6.5-kb fragment containing the complete HIS3
gene surrounded by the flanking regions of the RAT3 gene.
Viable His' transformants were selected after integrative transformation (Rothstein, 1991) of the wild-type diploid LGY101
(his3/his3) with this fragment. That the fragment had integrated
to disrupt one RAT3 locus in the diploid was confirmed by
Southern analysis. This strain, OLY103, was transferred to sporulation media and after several days, tetrads were dissected and
allowed to germinate on YPD at 23°C. Cells were then replica
plated to SC-HIS plates and plates were incubated at 23°C and
37°C. The strain with the disruption of RAT3 chosen for further
study was designated OLY104.

Table 1. Yeast strains used in this study
Strains

Genotype

Source

Dat3-2
Dat3xt3

Mata trplA63 leu2Al ura3-52 rat3-1

This study

OLY101
FY23
FY86
FY23X86

Mata/Mata ura3-52/ura3-52 leu2A1/leu2A1 trplA63/TRPJ his3
A200/HIS3 rat3-1/rat3-1
Mata his3A200 leu2Al ura3-52 rat3-1
Mata trplA63 leu2A1 ura3-52
Mata his3A200 leu2Al ura3-52
Mata/Mata ura3-52/ura3-52 leu2A/leu2Al trplA63/TRP1 his3

A200/HIS3

OLY103

Mata trplA63 leu2Al ura3-52 RAT3::URA3+RAT3
Mata/Mata his3A200/his3 A200 leu2A1/leu2A1 ura3-52/ura352
Mata/Mata his3A200/his3A200 leu2A1/leu2Al ura3-52/ura3-52

OLY104
OLY106
OLY107

Mata his3A200 leu2Al ura3-52 RAT3::HIS3
Mata trplA63 leu2Al ura3-52 rat3-1 pOL11(LEU2 RAT3myC)
Mata his3A200 leu2A1 ura3-52 RAT3::HIS3 pOL11(LEU2

LDY97

Mata leu2-3,112, ura3-52 his3 NUP1::LEU2 (CEN HIS3
plasmid bearing nupl-106 allele)

OLY102
LGY101

RAT3/RAT3::HIS3

RAT3m c)
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This study
This study
Provided by F. Winston
Provided by F. Winston

This study
This study
L. Gorsch

This study
This study
This study

This study

Provided by L. Davis
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Table 2. Plasmids used in this study
Plasmids

Yeast/bacterial shuttle plasmids
CEN4 LEU2
pOLl
CEN4LEU2
pOL2
CEN4 URA3
pOL4
CEN4 URA3
pOL5
CEN4 URA3
pOL6
CEN4 URA3
pOL7
URA3
pOL8
CEN4 LEU2
pOLll
Bacterial plasmids
pOL3
pOL9
pOL10

Source

Comments

Markers

putative RAT3 clone No.1 in p366
putative RAT3 clone No.2. in p366
geneAa in YCplac33
gene B' (RAT3) in YCplac33
genes Ca and Da in YCplac33
gene Ea in YCplac33
gene Ba (RAT3) in YIplac211
myc epitope-tagged RAT3 in pOL2

This study
This study
This study
This study
This study
This study
This study
This study

0.8Kb Xbal-ClaI fragment of pOLl in pBlueSK+
6.8Kb Xbal-NheI fragment including RAT3 in pUCl9
disruption of RAT3 by HIS3 in pOL9

This study
This study
This study

aThese letters correspond to the open reading frames shown in Figure 4A.
Integration of an Auxotrophic Marker
Adjacent to RAT3
A 4.6-kb XbaI-KpnI fragment from pOLl, containing part of the
RAT3 gene, was ligated into the polylinker region of YIPlac211
(Gietz and Sugino, 1988), which had been digested with XbaI and
KpnI, to create pOL8. The plasmid was linearized within the RAT3
sequences by digestion with SpeI, and transformed into wild-type
strain FY23. Cells were grown on SC-URA plates for 4 days. Colonies were selected and the pattern of integration of the RAT3YIPlac211 sequences determined by Southern analysis. A strain,
OLY102, with the correct pattern for integration at the RAT3 locus
was mated to OLY101 (carrying the rat3-1 mutation), and diploids
were grown in sporulation media for 7-14 days. Tetrads were
dissected and the genotypes of haploids tested.

In Situ Hybridization and Indirect
Immunofluorescence
The procedure for in situ hybridization has been described (Amberg
et al., 1992). The probe used to detect poly(A)+ RNA was oligo(dT)50
to which 1-4 digoxigenin-dUTP molecules were added at the 3' end
by using terminal deoxynucleotidtyl transferase. DAPI (4', 6-diamidino-2-phenylindole-dihydrochloride), a DNA-binding dye, was
used to localize the nuclear region of cells. Previous studies have
demonstrated that the fluorescein isothiocyanate-tagged (FITC) anti-digoxigenin signal is specific for poly(A)+ RNA and dependent
on active transcription by RNA polymerase II (Amberg et al., 1992).
Immunofluorescence on fixed yeast cells using anti-Rat7p/
Nupl59p antibody (Gorsch et al., 1995) or antibody RL1 (Snow et al.,
1987) was performed as previously described (Mirzayan et al., 1992;
mouse monoclonal IgM that
Copeland and Snyder, 1993). RL1
recognizes multiple nuclear pore proteins in both mammalian cells
and in yeast, and was generously provided by Dr. Larry Gerace
(Scripps Research Institute, La Jolla, CA). Secondary donkey antimouse antibodies tagged with CY3 or FITC were obtained from
Jackson Immunoresearch (West Grove, PA). The anti-Rat7p/
Nupl59p antibody was raised in guinea pigs to a GST-fusion protein containing most of the repeat region of the yeast nucleoporin
Rat7p/Nupl59p (Gorsch et al., 1995) and as a secondary antibody,
FITC-conjugated goat anti-guinea pig IgG (Vector Labs, Burlingame, CA). This antibody recognizes a single polypeptide on
Western blots that has been shown to be the RAT7/NUP159 gene
product (Gorsch et al., 1995) and shows a punctate rim staining
pattern that is co-extensive with the RL1 staining pattern. FITC-
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conjugated goat anti-guinea pig IgG was used as a secondary antibody (Vector Labs).
Indirect immunofluorescence was also performed to detect the
subcellular distribution of a fusion protein consisting of the first 33
amino acids of yeast histone H2B (containing its nuclear localization
signal) fused to E. coli ,B-galactosidase, and under the control of a
modified GALl promoter (Moreland et al., 1987). Strains were transformed with pPGALH2B-NLS-LacZ, the plasmid encoding this reporter protein. Stationary phase cultures of yeast cells were diluted
1:50 and grown overnight at 23°C in SC-ura medium containing 2%
raffinose. The next morning, aliquots of each culture were shifted to
36°C for 2.5 h and then galactose was added to all cultures to a final
concentration of 2%. Incubation was continued an additional 1.5 h
before cells were fixed. Indirect immunofluorescence was performed using a mouse monoclonal antibody to E. coli 3-galactosidase (Sigma Chemical, St. Louis, MO) diluted 1:2000. The secondary
antibody, FITC-conjugated horse anti-mouse IgG (Vector Labs), was
used at a 1:650 dilution.

Electron Microscopy
Electron microscopy was performed by a modification of published
procedures (Byers and Goetsch, 1991). Cells were cultured at 23°C in
YPD to a density of 0.2-2 x 107cells/ml. Cells were harvested by
filtration, and were fixed for 2 h at room temperature in 3% (vol/
vol) glutaraldehyde containing 0.1% tannic acid in 0.1 M sodium
cacodylate, pH 6.8. Fixed cells were washed twice in 50 mM
KH2PO4/K2HPO4, pH 7.5, and then digested with 125 mg/ml Zymolyase 100T (Seikagaku, Rockville, MD) in 50 mM KH2PO4/
K2HPO4, pH 7.5, for 40 min at 30°C. After two washes in 0.1 M
sodium cacodylate, pH 6.8, the spheroplasted cells were treated
with 2% (wt/vol) OS04 in 0.1 M sodium cacodylate, pH 6.8, for 1 h
on ice. Samples were washed and stored overnight at 4°C in 0.1 M
sodium cacodylate, pH 6.8. Samples were next washed three times
in ddH2O and treated for 1 h with 2% uranyl acetate in ddH2O.
After two washes in ddH20, cells were embedded in 2% agar,
dehydrated through graded ethanol, and embedded in Spurr's medium. Thin sections were cut, stained with uranyl acetate and
Reynold's lead citrate, and examined on a JEOL 100CX electron
microscope at 60 kV accelerating voltage.

Epitope Tagging and Immunolocalization
The DNA encoding three copies of the epitope recognized by the
9E10 anti-myc monoclonal antibody (EQKLISEEDLN) was isolated
by PCR using as primers 5'ATTGGATATGGACTAGTCAAGATCMolecular Biology of the Cell
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TCGTACGCATTCGAGCTCGGTACCCGGGGATCC and 5'GCGGGATTGGACTAGTAAGATCTCGTACGCAAGCTTGCATGCCTGCAGGTCGAC and as a template plasmid pKK-1 (obtained from
G. Fink, Whitehead Institute, Cambridge, MA). This plasmid is a
derivative of pUC119 and contains a triplication of the epitope
recognized by the 9E10 monoclonal antibody. Primers were obtained from Bio-Synthesis, Inc. (Lewisville, TX). These primers introduce BsiWI sites at each end of the PCR amplification product.
The PCR product was digested with BsiWI and inserted into the
only BsiWI site in the RAT3 gene (see Figure 4 below; the inserted
epitope is at amino acid 895). This leads to the insertion of the
following amino acid sequence at this site: FELGTRGSSRGEQKLISEEDLNGEQKLISEEDLNGEQKLISEEDLNGSSRVDLQACKL. The
three repeats of the recognized epitope are underlined.
The resulting plasmid (pOL11) was transformed into strain
Dat3-2 carrying the rat3-1 mutation, yielding strain OLY106, and
into strain OLY104, carrying the disruption of RAT3, yielding strain
OLY107. Cells were grown to early log phase and fixed with 1/10
vol of 37% formaldehyde for 1 h. Cells were then washed three
times with 1.2 M sorbitol/50 mM K2HPO4, pH 7.5 (solution A),
resuspended into 1 ml of solution A with 30 mg of 100T Zymolyase
and incubated at room temperature for 10-60 min until spheroplasts were formed. Spheroplasts were washed once with solution A
and adhered to polylysine-coated 12-well slides. Samples were
washed sequentially with phosphate buffered-saline + 0.1% bovine
serum albumin (solution B), solution B + 0.1% NP-40, and solution
B, with a 5-min incubation per wash. Cells were incubated with the
9E10 mouse IgG monoclonal anti-myc antibody (a gift from Dr. J.M.
Bishop, University of California, San Francisco, CA) in solution B
overnight at 4'C. Cells were then washed with solution B, solution
B + 0.1% NP-40, and solution B, each for 5 min. Cells were incubated with secondary antibody, FITC-conjugated goat anti-mouse
IgG in solution B for 2 h at room temperature, and then washed with
solution B, solution B + 0.1% NP-40 and containing 10 ,ug of DAPI
per ml, and solution B, each for 5 min. Cells were mounted with
mounting solution, 70% glycerol in phosphate buffered-saline and
containing 1 mg p-phenylenediamine per ml.
To examine the localization of Rat3p, cells were doubly stained
with both the 9E10 anti-"myc" epitope monoclonal antibody and
the RL1 anti-nucleoporin monoclonal antibody. The anti-myc antibody is an IgG whereas the RL1 antibody is an IgM. Horse secondary antibodies coupled to FITC and specific for IgG and coupled to
Texas Red and specific for IgM (both from Vector Labs) were used
at a 1:500 dilution. Control experiments indicated that there was no
detectable signal in the Texas Red channel when both primary
antibodies and the FITC-conjugated secondary antibody were used;
similarly, there was no detectable signal in the FITC channel when
both primary antibodies and only the Texas Red-conjugated secondary antibody were used.

RESULTS
Mutation of the RAT3 Gene Causes Nuclear
Accumulation of Poly(A)+ RNA at the
Nonpermissive Temperature but Does Not Affect
Nuclear Protein Import
Figure 1 shows the distribution of poly(A)+ RNA in
wild-type and rat3-1 mutant cells. In wild-type cells
either incubated at 23°C (Figure 1A) or shifted to 37°C
for 4 h (Figure 1C), the fluorescent signal was relatively uniform throughout the cell. Figure 1, B and D,
shows simultaneous DAPI fluorescence and visible
light images of the same fields of cells shown in Figure
1, A and C, respectively. At the permissive temperature (23°C), 10% or fewer of rat3-1 cells showed accuVol. 6, April 1995

mulation of poly(A)+ RNA in their nuclei (Figure 1E)
but within 4 h after a shift to 37°C, this percentage rose
to about 70% (Figure 1G). Figure 1, F and H, shows
combined DAPI fluorescence and visible light images
of the same fields of cells shown in Figure 1, E and G,
respectively. One cell at the edge of the field in Figure
1G shows two spots of RNA staining; this was a
relatively common phenotype of rat3-1 mutant cells
(our unpublished results). rat3-1 mutant cells shifted
to 37°C for 8 or 12 h did not show an appreciable
increase in penetrance of the nuclear poly(A)+ RNA
accumulation phenotype compared with cells that had
been shifted for 4 h (our unpublished results). We
showed previously (Amberg et al., 1992) that in situ
hybridization with this digoxigenin-tagged oligo-dT50
probe detects poly(A)+ RNA. The data in Figure 1
indicate that mutation of the RAT3 gene results in
nuclear accumulation of poly(A)+ RNA upon a shift to
the nonpermissive temperature. Diploid cells homozygous for the rat3-1 mutation showed an essentially identical pattern of accumulation of poly(A)+
RNA after a shift to 37°C (our unpublished results).
To determine whether cells carrying the rat3-1 mutation also had defects in nuclear protein import, we
used indirect immunofluorescence to examine the
subcellular distribution of a fusion protein consisting
of the nuclear localization signal (NLS) of the yeast
histone H2B gene fused to E. coli ,-galactosidase (Moreland et al., 1987), and expressed from the GALl
promoter. As a positive control, we used cells carrying
the nupl-106 allele, which is known to have a defect in
nuclear protein import (Bogerd et al., 1994). Dilute
cultures were grown overnight at 23°C and were in
early log phase the next morning. Aliquots were either
maintained at 23°C or shifted to 36°C. We used 36°C
as a nonpermissive temperature because the GALl
promoter is induced considerably more efficiently at
36°C than at 37°C (L.C. Gorsch and C.N. Cole, unpublished results). After 2.5 additional hours of incubation, transcription of the reporter gene was induced by
addition of galactose to all cultures to a final concentration of 2%. Incubation was continued an additional
1.5 h before cells were fixed and processed for indirect
immunofluorescence.
In rat3-1 cells grown continuously at 23°C (Figure
2K) or shifted to 36°C for 4 h (Figure 2M), the fusion
protein was detected exclusively in the nucleus. Production of the fusion protein was limited to the last 90
min of the 4 h incubation at 36°C. The fusion protein
was also detected entirely in nuclei in wild-type cells,
either grown continuously at 23°C (Figure 2A) or
shifted to 36°C for 4 h (Figure 2C). In nupl-106 cells,
fusion protein was located primarily in nuclei in the
culture maintained at 23°C (Figure 2F), but there was
a dramatic accumulation of the reporter protein in the
cytoplasmic compartment in nupl-106 cells shifted to
36°C for 4 h (Figure 2H). Although the rat3-1 mutation
405
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Figure 1. Poly(A)+ RNA
accumulates in the nuclei
of rat3-1 mutant cells.
Wild-type (FY23) and
rat3-1 cells (strain Dat3-2)
were grown to early log
phase in YPD at 23°C. Aliquots either held at 23°C or
shifted to 37°C for 4 h were
fixed and analyzed by in
situ hybridization with a
olidigoxigenin-tagged
go(dT)50 probe. Panels A,
C, E, and G show the FITC
signal, which indicates the
location of poly(A)+ RNA.
Panels B, D, F, and H show
DAPI staining of the same
fields of cells as panels A,
C, E, and F, respectively.
(A and B) Wild-type incubated at 23°C; (C and D)
wild-type cells shifted to
37°C for 4 h; (E and F)
rat3-1 cells incubated at
23°C; (G and H) rat3-1
cells shifted to 37°C for 4 h.
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Figure 2. Nuclear protein import occurs normally in rat3-1 mutant cells. Wild-type (FY86) (panels A-E), nupl-106 (panels F-J), and rat3-1
(panels K-O) cells were either incubated continuously at 23°C (A, B, F, G, K, and L) or shifted to 36°C (C, D, E, H, I, J, M, N, and 0) for 2.5
h before addition of galactose to induce expression of the reporter protein consisting of the histone H2B nuclear localization signal fused to
E. coli ,3-galactosidase. Galactose was added and was continued an additional 90 min before cells were fixed and processed for indirect
immunofluorescence. (A) WT, 23°C, FITC; (B) same field of cells as in panel A, stained with DAPI; (C) WT, 36°C, FITC; (D) same field of cells
as in panel C, stained with DAPI; (E) same field of cells as in panel C, viewed by DIC microscopy; (F) nupli-106, 23°C, FITC; (G) same field
of cells as in panel F, stained with DAPI; (H) nupl-106, 36°C, FITC; (I) same field of cells as in panel H, stained with DAPI; (J) same field of
cells as in panel I, viewed by DIC microscopy; (K) rat3-1, 23°C, FITC; (L) same field of cells as in panel K, stained with DAPI; (M) rat3-1, 36°C,
FITC; (N) same field of cells as in panel M, stained with DAPI; (0) same field of cells as in panel M, viewed by DIC microscopy.

has a dramatic effect on export of poly(A)+ RNA at the
nonpermissive temperature, there was no detectable
effect of the mutation on nuclear protein import.
Genetic and Physiologic Analyses of the
rat3 Mutation
Backcrosses of a haploid rat3-1 strain with a wildtype strain, followed by subsequent sporulation of
Vol. 6, April 1995

resulting diploids and analysis of over 40 tetrads,
showed that the temperature-sensitive growth observed in the rat3-1 strain segregated in a 2:2 ratio
and was therefore most likely due to a single gene
defect. Seven tetrads, including four from a third
backcross, were examined for co-segregation of temperature sensitivity and the defective RNA export
phenotype. In all seven cases, the two phenotypes
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co-segregated with a 2:2 ratio. Analysis of heterozygous diploids indicated that the phenotypes of temperature-sensitivity and nuclear poly(A)+ RNA accumulation were both recessive.
Cells carrying the rat3-1 mutation were tested for
their growth characteristics (Figure 3A). The wild-type
culture had a doubling time at 23°C of approximately
2 h. At 23°C, the mutant strain grew more slowly with
a doubling time of approximately 3 h. After the shift to
37°C, the growth rate of the wild-type strain was
unaltered but it grew to a slightly lower final density
at 37°C than at 23°C. After the shift to 37°C, the rat3-1
mutant strain continued to grow at approximately the

rat 3-1

Wild-Type

A

same rate at 37°C as it had at 23°C for the next 8 h,
after which its doubling time increased dramatically
to approximately 12-14 h and the culture reached a
final cell concentration substantially below that obtained by continuous growth at 23°C. Revertants did
not accumulate during incubation of rat3-1 mutant
cells at 37°C; after 28 h at that temperature, approximately 12% of the cells retained viability.
No specific cell cycle arrest phenotype was seen
when rat3-1 mutant cells were cultured for 4 h at 37°C;
furthermore, when rat3-1 cells were synchronized by
treatment with a-factor and then released into the cell
cycle, the kinetics with which cells displayed nuclear

100

1}0

10

10

x

o

zFY86, 23' C

1

Time (hours)

B

rat 3-1

23" C

FY23

370C

FY23

rat 3

rat 3
null mutant

rat 3-1
408

Figure 3. Growth properties of
yeast cells carrying the rat3-1 mutation. (A) Growth curves of wildtype (FY23) and rat3-1 mutant cells
(Dat3-2). Cells were grown at 23°C
to early log phase. At the point indicated in the figure, aliquots of
each strain were shifted to 37°C.
Cell density was determined by using a hemacytometer to count cells.
(B) The RAT3 gene is not essential
for growth at 23°C, but is essential
at 37°C. Wild-type cells (FY23),
rat3-1 cells, and cells with a disruption of RAT3 were grown on YPD
plates at either 23'C or 37°C. The
plates were photographed after 3
days of growth.
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accumulation of poly(A)+ RNA was the same as for
unsynchronized cells (our unpublished results). These
observations suggest that the phenotypes seen are
unrelated to the cell cycle.
Cloning and Mapping of RAT3
The temperature sensitivity caused by the rat3-1
mutation was used to clone the RAT3 gene by
complementation using a CEN library. Several complementing plasmids were analyzed by restriction
endonuclease digestion. All complementing plas-

mids yielded related digestion patterns with multiple restriction endonucleases. A restriction map of
the complementing clone with the smallest yeast
DNA insert is shown in Figure 4A. A 1.5-kb BsmI
fragment of this clone was used to physically map
the cloned DNA. Hybridization to a chromosome
blot indicated that the putative RAT3 clone is located on Chr. XI. This same BsmI fragment identified a single cosmid clone derived from the region of
Chr. XI containing the PRP16 gene. A small portion
of one end of the complementing DNA was se-
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Figure 4. The RAT3 gene. (A) Schematic representation of the yeast DNA
common to plasmid members of the
CEN library that complemented the
rat3-1 mutation. Key restriction endonuclease sites are shown. The arrows show
the five complete putative ORFs (A
through E) in this region. The partial
ORF of PRP16 is at the far right side.
ORF B proved to be RAT3. (B) The RAT3
gene and the strategy for disruption
ofRAT3. The RAT3 ORF is shown by the
thick arrow. Ninety-two percent of the
RAT3 ORF (from amino acids 43-1104)
was deleted by digestion with NcoI and
BclI, followed by insertion of a DNA
fragment containing the HIS3 gene. The
BsiWI site, which was used to insert
three copies of myc-epitope for Rat3p
immunolocalization, is also shown. (C)
The predicted 1157-amino acid sequence
of Rat3p.
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quenced and found to contain sequences encoding
part of the open reading frame of PRP16. Using this
information, we obtained DNA sequence extending
in both directions from the PRP16 gene. Restriction
endonuclease digestion patterns permitted a determination of which portion of the DNA sequence
provided corresponded to the complementing library clone. Within this region were five open reading frames (Figure 4A). Subclones of each (A
through E) were prepared in YCplac33 (Gietz and
Sugino, 1988), and a subclone containing a 4.6-kb
XbaI-KpnI fragment (plasmid pOL5) was able to
complement both the temperature sensitivity and
RNA export defect of strains carrying the rat3-1
mutation. No portion of the PRP1 6 gene is contained
in this complementing region. The open reading
frame included in this fragment encodes a protein of
1157 amino acids (Figure 4C) and is designated
YKR082w in the published sequence of yeast chromosome XI (Dujon et al., 1994; Garcia-Cantalejo et
al., 1994). We refer to this gene as RAT3/NUP133
because it encodes a nucleoporin (see below). This
same gene has been identified independently by
Doye et al. (1994).
To show that the cloned fragment in pOLl and
pOL5 likely contained the wild-type form of the rat3-1
mutant gene rather than a suppressor of it, the URA3
gene and complementing DNA from pOLl were integrated into the genome of wild-type FY23 at the site of
the putative RAT3 gene via homologous recombination. This strain was mated with the rat3-1 mutant
strain, and subsequent tetrad analysis showed that the
URA3 marker segregated away from the temperaturesensitive rat3-1 allele in 65 of 67 haploid progeny
strains. This strongly suggests that the cloned DNA
from pOLl complements the rat3-1 defects and is not
acting as a suppressor.
One copy of the RAT3 gene was disrupted in a
diploid strain by replacing 92% of the coding region
(from amino acid 43 through 1104) with the HIS3 gene
(Figure 4B). This strain was sporulated, and tetrads
were dissected. Most of the tetrads (85%) yielded four
viable spores. All four-spore tetrads contained two
His' and two His- spores, indicating that the RAT3
gene is not essential. Cells carrying a disruption of
RAT3 were temperature sensitive for growth and accumulated poly(A)+ RNA in their nuclei after a shift
to 37°C (our unpublished results). The disruption
strain appeared phenotypically very similar to the
original strain carrying the rat3-1 allele but a higher
percentage of cells showed nuclear accumulation of
poly(A)+ RNA at both 23°C (approximately 40%
compared with 10% for strains carrying the rat3-1
mutation) and 37°C (100% compared with approximately 70% for rat3-1 strains). Thus, the RAT3 gene
is essential for growth only at elevated temperatures
(Figure 3B).
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NPC Ags Are Mislocalized in Yeast Strains
Containing Mutations within the RAT3 Gene
The NPC plays a critical role in nucleocytoplasmic
transport. Because the NPC contains more than 100
different polypeptides, it is likely that some mutants
identified in our screen will have defects in the structure, function, or assembly of NPCs. Therefore, we
performed immunofluorescence analysis on yeast cells
bearing the rat3-1 allele using an antibody raised in
guineas pigs to a GST-fusion protein containing part
of the repeat-containing nucleoporin Rat7p/Nupl59p.
This antibody recognizes a single band on Western
blots of yeast extracts, and this band has been shown
to be the product of the RAT7/NUP159 gene (Gorsch et
al., 1995).
Immunofluorescence micrographs of wild-type
yeast and the rat3-1 strain are shown in Figure 5.
Anti-Rat7p/Nupl59p (anti-NPC) antibody binding
sites were visualized by using a second antibody coupled to FITC and nuclei of cells were localized by
staining with DAPI. In wild-type cells (Figure 5A),
anti-Rat7p/Nupl59p antibody stained the nuclear periphery in a discontinuous or punctate manner, a pattern indicative of NPC staining. A weak cytoplasmic
signal was also seen. The nuclear rim staining completely surrounds the DAPI-stained DNA region (Figure 5B). When rat3-1 cells were stained with antiRat7p/Nupl59 antibody, a very different pattern was
seen. Instead of discontinuous staining around the
nuclear rim, the NPC Ags were clustered in an area
adjacent to rather than surrounding the DNA region
(Figure 5, C and D). In these rat3-1 cells, the antiRat7p/Nupl59p Ags were grouped into one or two
smaller patches. All of the cells examined (more than
200) exhibited this clustering phenotype. Essentially
identical results were obtained when indirect immunofluorescence was performed on rat3-1 cells using
the RL1 antibody, which has previously been shown
to recognize NPC epitopes from cells of vertebrates
and yeast (Snow et al., 1987; Copeland and Snyder,
1993). Clustering of NPC Ags was unchanged in the
rat3-1 mutant strain and the HIS3-disrupted strain
after a shift to a nonpermissive temperature for up to
4 h (our unpublished results). Genetic analyses
showed that the NPC clustering is recessive, and cosegregated with temperature sensitivity and nuclear
accumulation of poly(A)+ RNA, indicating that NPC
clustering is another manifestation of these rat3 alleles.
Unlike the mislocalization of pore complex Ags in
rat3 cells, which was observed at permissive as well as
restrictive temperatures, accumulation of mRNA in
the nucleus was dependent upon the incubation temperature. Nuclear RNA accumulation occurred in a
large majority of cells at the elevated temperature, but
only in a small subpopulation at permissive temperature. We investigated whether the difference in temMolecular Biology of the Cell
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Figure 5. Immunofluorescence microscopy indicates that NPC Ags are mislocalized in rat3-1 cells. FY23 (wild-type) cells and rat3-1 cells
(Dat3-2) were grown at 23'C, fixed and processed for indirect immunofluorescence microscopy with anti-nuclear pore antibody (antiRat7p/Nupl59p; Gorsch et al., 1995) reactive with the yeast nucleoporin Rat7p/Nupl59p (panels A and C). B and D show DAPI staining of
the same fields of cells shown in panels A and C, respectively. A and B: FY23. In wild-type cells, NPC Ags are distributed around the nuclear
envelope. C and D: rat3-1. NPC Ags in rat3-1 are clustered in one or two regions of the nuclear envelope.

perature induction of the two phenotypes resulted
from a lower threshold temperature for pore complex Ag mislocalization than for mRNA accumulation. To examine this possibility, indirect immunofluorescence using anti-Rat7p/Nupl59p antibody
was performed on cells cultured at 15°C. Clustering
of the pore complex Ags was also observed in the
rat3-1 strain cultured continuously at 15°C. Thus,
the rat3-1 mutation caused conditional retention of
mRNA in the nucleus at nonpermissive temperature
(37°C) and constitutive mislocalization of NPC Ags
at all temperatures tested.

Electron Microscopy Indicates that NPCs Are
Clustered in rat3-1 Mutant Cells
The clustering of anti-Rat7p/Nupl59p Ags in mutant cells could reflect either a mislocalization of
Vol. 6, April 1995

specific pore complex proteins or a mislocalization
of whole NPCs. To address this question, we examined the position of NPCs in diploid wild-type and
mutant cells by electron microscopy. Figure 6 shows
the results of an experiment using diploid cells incubated at 23°C. For wild-type cells, NPCs were
distributed around the nuclear envelope (Figure
6A), although occasional local concentrations were
observed, as has been previously reported (Severs et
al., 1976). In contrast, in diploid cells homozygous
for the rat3-1 mutation, NPCs were observed primarily in one or two discrete areas of the nuclear
envelope. Most of the remainder of the nuclear envelope was usually barren of pore complexes,
though occasional isolated NPCs were sometimes
seen (see Figure 6B). No gross differences were observed in the morphology of the nucleoplasm or the
411
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Figure 6. Electron microscopy confirms that NPCs are clustered in rat3-1 mutant cells. Thin-section electron micrographs of wild-type
(FY23X86) and rat3-1 cells (Dat3xt3) incubated at 23°C. NPCs, recognized as dark bars at interruptions in the NE, are distributed around the
NE in wild-type cells and are clustered in rat3-1 cells. Arrowheads point toward NPCs. (A) Wild-type; (B-D) rat3-1 cells. n - nucleus; c cytoplasm; no - nucleolus. Bars, 0.5 ,uM in each panel.

nucleolus in cells carrying mutant alleles of RAT3,
as compared with wild-type cells. A small segment
of the nucleolus (no) is visible in Figure 6C.

The results from electron microscopy extend the
immunofluorescence observations and demonstrate
clearly that whole NPCs were clustered in the plane of
the nuclear envelope. Thus pore complexes apparently underwent assembly and insertion into the nuclear membrane in cells carrying the rat3-1 mutation,
412

but failed to be distributed properly around the nuclear periphery. At this low level of resolution, the
pore complexes appear to have normal morphology.
Electron microscopy analysis of serial sections of
rat3-1 cells indicated that mutant cells contained approximately the same number of NPCs as normal cells
and that large regions of the mutant cell nuclear envelope were devoid of NPCs (Copeland, unpublished
results).
Molecular Biology of the Cell
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Immunolocalization of Rat3p
We examined the subcellular location of the protein
encoded by the RAT3 gene. To epitope tag this
protein, three copies of the myc epitope recognized
by monoclonal antibody 9E10 were inserted into the
RAT3 gene carried on a plasmid. The epitopetagged RAT3 construct (epitope located adjacent to
amino acid 895 at the BsiWI site; see Figure 4B) was
able to complement the temperature sensitivity, nuclear poly(A)+ RNA accumulation, and nuclear
pore-clustering defects of cells carrying the rat3-1
mutation or carrying a disruption of RAT3. To localize Rat3p, we performed indirect immunofluorescence on a strain carrying a null allele of the
RAT3 gene and harboring the plasmid encoding the
epitope-tagged RAT3 construct. A punctate staining
pattern at the nuclear rim was seen when these cells
were stained with the 9E10 anti-myc monoclonal
antibody (Figure 7A). Figure 7B shows that an identical punctate pattern was seen when the same field
of cells was reacted with the anti-nucleoporin RL1
antibody (Figure 7B). Figure 7C shows the DAPIstained image of the same field of cells shown in
Figure 7, A and B. The co-localization of staining
with both anti-myc-epitope and RL1 antibodies indicates that Rat3p is a nucleoporin. In a separate

double-staining experiment, co-localization of immunofluorescence was also seen when the 9E10 anti-myc monoclonal antibody and the polyclonal anti-Rat7p/Nupl59p antibody were employed (our
unpublished results). Therefore, Rat3p is a nucleoporin which we designate as Rat3p/Nupl33p.
DISCUSSION
The RAT3INUP133 Gene and Protein
In this report we describe the cloning and characterization of a new yeast gene, RAT3, which is predicted
to encode a 133-kDa protein. When epitope tagged,
Rat3p was localized to the nuclear rim in a pattern
identical to that of the Ags recognized by the antinucleoporin antibody RL1. A similar punctate nuclear
rim staining pattern has been seen for all yeast NPC
proteins whose localization has been examined (Davis
and Fink, 1990; Nehrbass et al., 1990; Wimmer et al.,
1992; Yano et al., 1992; Loeb et al., 1993; Fabre et al.,
1994; Wente and Blobel, 1994; Wozniak et al., 1994) and
has only been seen for nuclear pore proteins. Combinations of mutant alleles of nucleoporins are often
lethal (synthetic lethality) (Wimmer et al., 1992; Loeb et
al., 1993; Belanger et al., 1994; Wente and Blobel, 1994).
The rat3-1 allele shows synthetic lethality with a mu-

Figure 7. Immunolocalization of Rat3p. Cells carrying a disruption of RAT3 were transformed with a plasmid (pOL11) that encodes an myc
epitope-tagged Rat3p, yielding strain OLY107. Cells were grown to early log phase, fixed, and processed for indirect immunofluorescence
microscopy. (A) Indirect immunofluorescence with anti-myc monoclonal antibody 9E10 and an FITC-conjugated secondary antibody. (B) The
same field of cells as seen in panel A, stained with the RL1 anti-nucleoporin monoclonal antibody and a Texas Red-conjugated secondary
antibody. (C) DAPI staining of the same field of cells as in panels A and B.
Vol. 6, April 1995
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tant allele of RAT7/NUP159, a repeat-containing NPC
protein (Gorsch et al., 1995; Gorsch, Heath, and Cole,
unpublished data). On these bases, we conclude that
Rat3p is a nuclear pore protein, and we call it Rat3p/
Nupl33p. The RAT3/NUP133 gene has also been identified in a synthetic lethal screen for genes whose
products interact with Nup49 (Doye et al., 1994).
Mutant cells carrying either the originally isolated
rat3-1 allele or a disruption of RAT3/NUP133 shared
the following phenotypes: 1) Temperature-dependent
accumulation of poly(A)+ RNA in nuclei. The percentage of cells, however, showing nuclear accumulation
of poly(A)+ RNA was higher at both 23°C and 37°C in
the strain carrying a disruption of RAT3 than in the
strain carrying the original rat3-1 allele. Although
only 10% of rat3-1 cells showed nuclear RNA accumulation at 23°C, the percentage of cells with a rat3
disruption showing this phenotype at 23°C was about
40%. After a shift to 37°C, the percentage of cells
showing this phenotype increased to 70% for rat3-1
cells and to 100% for cells with a disruption of rat3.
This suggests that the protein encoded by the rat3-1
allele retains partial function. 2) Constitutive clustering of NPCs. This phenotype was seen in all cells
examined by immunofluorescence for both the rat3-1
allele and for cells with a disruption of RAT3. Defects
in nuclear envelope morphology, nucleolar integrity,
or in any other aspects of nuclear structure were not
noted during examination of the rat3-1 mutant strain
by electron microscopy. RAT3/NUP133 is essential
only at elevated temperatures.
To date, several nuclear pore proteins from S. cerevisiae have been described [for review, see (Rout and
Wente, 1994)]. Most of these nucleoporins are characterized by the presence of unique repeat motifs that
are present in 12-30 copies. Nuplp (Davis and Fink,
1990), Nup2p (Loeb et al., 1993), and Nsplp (Nehrbass
et al., 1990) are members of the XFXFG-repeat-containing family. A second group of yeast nucleoporins
that includes Nup49p, NuplOOp, Nupll6p (Wente et
al., 1992; Wimmer et al., 1992; Wente and Blobel, 1994),
and Nupl45p (Fabre et al., 1994; Wente and Blobel,
1994) have repeats of GLFG in their N-terminal and
central domains. Nic96p (Grandi et al., 1993), a major
component of the yeast NPC by mass (Rout and
Wente, 1994), lacks repeats, whereas Srplp contains
eight degenerate repeats that are related to repeats
seen in plakoglobin, ,B-catenin, and the Drosophila armadillo protein (Yano et al., 1992, 1994). A tenth yeast
protein, POM152p, is thought to be a membrane protein (Wozniak et al., 1994), is not essential, and is also
a very abundant component of the yeast NPC (Rout
and Blobel, 1993). Because the NPC is thought to have
up to 100 different polypeptides, many more remain to
be described. The RAT3/NUP133 protein is novel in
that it lacks any significant similarity with any known
proteins. Rat3p/Nupl33p is an acidic protein with a
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calculated pl of 4.82. Our analyses do not permit us to
determine whether Rat3p/Nupl33p forms part of the
basic framework structure of the NPC or is a peripheral component, or whether it is located at the cytoplasmic face, the nucleoplasmic face, or both.
Nuclear Accumulation of Poly(A)+ RNA
The rat3-1 mutant was first identified by a fluorescent
in situ hybridization screen to identify yeast mutants
with altered patterns of localization of poly(A)+ RNA.
We previously used this screen to identify and characterize the RATI gene (Amberg et al., 1992), and
several additional mutants are currently being characterized. We anticipated that some mutants identified
would affect intranuclear movement of mRNA and
pre-mRNA whereas others would affect NPCs, because these are the structures through which all
classes of RNA exit the nucleus.
In the rat3-1 mutant, the nuclear accumulation of
poly(A)+ RNA appeared in about 70% of the cells after
a shift to a nonpermissive temperature and was seen
at permissive temperature in a small percentage of
rat3-1 cells in any given population. One explanation
for the partial penetrance of RNA export defects is a
model that invokes a threshold of export activity below which a dramatic failure in export results. Catastrophic defects in export could result from failure to
export the mRNA for the RAT3/NUP133 gene itself at
restrictive temperature or perhaps the mRNAs encoding other proteins required for mRNA export. Small
differences between cells in a population could result
in cells reaching this threshold at different times after
a shift to nonpermissive temperature. At permissive
temperature, the function of the mutant Rat3p/
Nupl33p protein or an NPC lacking Rat3p/Nupl33p
is most likely partially compromised, resulting in
slowed export or partial nuclear accumulation of
mRNA in certain cells. rat3/nupl33 mutant cells appear to have a partially compromised mRNA export
apparatus at permissive temperature, leading some
cells to cross this threshold.
NPC Defects
During our screen for mutants in RNA export, we
expected to find among our mutant collection mutations linked to NPC function. Unexpectedly, mutation
of RAT3/NUP133 (either the original rat3-1 allele or
the null allele) affected NPCs by altering their distribution in the nuclear envelope. At both permissive
and restrictive temperatures, nuclear pores were clustered in one or two regions of the nuclear envelope,
and large areas of the nuclear envelope were devoid of
pores. Accumulation of RNA at nonpermissive temperature is suggestive of a block in transport through
the NPC, but could also result from a failure of the
transport substrate (hnRNP) to associate with the
Molecular Biology of the Cell
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NPC. At the relatively low resolution of our transmission electron microscopy experiments, the NPCs of
rat3-1 cells have apparently normal structure. Furthermore, immunoblotting with anti-NPC antibodies indicated no major change in the level of the NSP1 protein
in rat3-1 cells grown at room temperature or 37°C
(C.S. Copeland and F. McKeon, unpublished results).
Future studies can address with greater biochemical
and morphological resolution the composition and
structure of the pore complexes in the mutant cells. At
our present level of understanding, however, the
NPCs of rat3-1 cells appear to be properly assembled
and inserted into the nuclear envelope. Furthermore,
they apparently function well enough at permissive
temperature to support near wild-type rates of
growth. We do not know at this time how clustered
pores might be divided between mother and daughter
cells at mitosis. An unequal distribution between
mother and daughter cells may well account for the
differences observed in growth rates between wildtype and rat3-1 cells.
Whether or not NPCs are normal in these mutants,
mutation or deletion of the RAT3/NUP133 gene clearly
alters the distribution of NPCs in the nuclear envelope. NPCs are usually evenly distributed around the
nucleus in most somatic cell types [reviewed by
(Maul, 1977)], including yeast, although the distribution may not be perfectly random (Severs et al., 1976).
Several specialized cell types have highly ordered
NPC arrangements. Apparent rearrangement of NPCs
into clusters is seen during the differentiation of spermatocytes to spermatozoa in several species, so that
the area of the nuclear envelope underlying the acrosome is devoid of pore complexes (Maul, 1977). Thus,
the dramatic NPC mislocalization seen in the rat3-1
mutant is not without precedent, and could represent
a distortion of a normal process.
Mutation of other yeast NPC proteins has also been
associated with defects in NPC distribution or interactions with the nuclear envelope. Yeast cells carrying
a deletion of the NUP116 gene are temperature sensitive for growth (Wente et al., 1992; Wimmer et al.,
1992). Such strains display NPC-studded invaginations of the inner nuclear membrane at the permissive
temperature, and at the nonpermissive temperature
they acquire membrane herniations and seals form
over these NPCs (Wente and Blobel, 1993). At the
nonpermissive temperature, these seals form a barrier
to mRNA export. Deletion of the amino-terminal half
of the NUP145 gene results in clustering of NPCs
(Wente and Blobel, 1994). When examined in the electron microscope, the NPCs in cells bearing this partial
deletion of NUP145 display localized "grapelike"
clusters of NPCs interconnected by a network of nuclear envelope herniations (Wente and Blobel, 1994).
The clustering defects seen in cells bearing mutations of RAT3/NUP133 are distinct from defects assoVol. 6, April 1995

ciated with deletion of NUPI 16 or partial deletion
of NUP145. In contrast to cells with a deletion of
NUP116, no intranuclear annulate lamellae were seen
in rat3-1 mutant cells. No large-scale herniation of the
nuclear envelope was seen, although at the level of
resolution seen in Figure 6, it is not possible to say that
there are no abnormalities of the nuclear envelope.
We can envision several mechanisms that might
lead to the NPC-clustering defect. Distinguishing between these options may help elucidate the normal
process of NPC biogenesis. For example, NPCs could
be inserted into the nuclear envelope at a defined site
and remain at this location in the rat3-1 mutant. Thus
the defect would affect a mechanism to distribute the
pore complexes around the nuclear periphery. This
hypothesis implies that at some stage in their biogenesis pore complexes are mobile in the yeast nuclear
envelope. In an alternative hypothesis, NPC insertion
could occur around the nuclear envelope but the
NPCs would not be anchored in the mutant cells and
could redistribute into clusters. The distribution of
NPCs within the nuclear envelope would thus be dependent on anchoring to the nucleoskeleton, the cytoskeleton, or both. The rat3-1 mutant could be defective in anchoring pore complexes to these skeletal
structures. We think it is unlikely that NPC clusters in
RAT3/NUP133 mutants reflect aggregation of mutant
pore complexes because of physical/chemical interactions between the mutant NPCs. In electron micrographs of mutant cells showing NPC clusters, each
pore within a cluster sometimes appeared to be surrounded by a portion of the nuclear envelope (Figure
6C), suggesting that NPCs do not necessarily make
direct contact with one another when clustered. In
addition, the examination of isolated nuclei indicates
that once formed, the NPC clusters do not redistribute
in the absence of gross connections to the cytoskeleton
(Copeland and Snyder, unpublished results). Thus the
presence of NPC clusters does not depend on the
continuous presence of an intact cytoskeleton. Little is
currently known about how NPCs are assembled or
inserted or how they become distributed throughout
the nuclear envelope; however, proper NPC distribution may affect the efficiency of nuclear export.
The most surprising aspect of the NPC clustering
seen in mutant cells is the fact that these cells grow
and export mRNA almost normally at the permissive
temperature of 23°C, despite displaying the pore complex-clustering defect at all temperatures examined.
In this respect, it is relevant that a small fraction of
cells in any population does accumulate RNA in the
nucleus even at permissive temperature. The increased severity of the RNA accumulation phenotype
at 37°C could be explained in several ways. The RAT3/
NUP133 gene could perform multiple functions, one
in NPC localization in the nuclear envelope, and an
additional function, required only at elevated temper415
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atures, related to mRNA export. Alternatively, processes important for RNA export that are specified by
other genes may be temperature sensitive in the absence of functional Rat3pNupl33p.
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